We propose a model-independent and general framework to study the LHC phenomenology of top partners, i.e. Vector-Like quarks including particles with different electro-magnetic charge. We consider Vector-Like quarks embedded in general representations of the weak SU (2)L, coupling to all Standard Model quarks via Yukawa mixing. We show that, with very minimal and quite general assumptions, top partners may be studied in terms of few parameters in an effective Lagrangian description with a clear and simple connection with experimental observables. We perform a numerical study to understand the conclusions which can be drawn within such a description and the expected potential for discovery or exclusion at the LHC. Our main results are a clear connection between branching ratios and single production channels, and the identification of novel interesting channels to be studied at the LHC.
Introduction
After the discovery of a new resonance that matches the expectations for a Standard Model Higgs boson, the LHC experiments will now focus on New Physics Searches. One of the Holy Grails of particle physics is the issue of naturalness, and of course the solution of the mystery of the nature of Dark Matter, which may be produced at the LHC and would appear as missing transverse momentum. The discovery of a Higgs candidate at a mass of 125 GeV, thus very close to the electroweak scale, is in fact a realisation of the naturalness problem: why is the scalar mass so close to the electroweak scale? What symmetry, if any, is shielding it from large loop corrections from heavy physics?
The quest for an answer to such questions has been the guiding principle behind the flourishing of model building in the past decades. A general assumption of these models is the presence of new weakly coupled states which effectively cut-off the divergent loop contributions to the Higgs mass from Standard Model states, mainly the top quark and the massive gauge bosons W ± and Z. The absence of fine-tuning would therefore require the masses of the hypothetical new states to lay below or around the TeV scale. As the top quark is known to have the largest Yukawa coupling to the Higgs field, it is a natural expectation that the lightest new states are partners of the top itself. Supersymmetry, the most popular theory of New Physics, predicts the existence of states with different statistics: therefore, the top quark would be complemented by scalar tops. Direct searches for supersymmetry have by now pushed the limit on the masses of supersymmetric states in simplified models well above the TeV threshold (see for example [1] [2] [3] [4] for recent analyses). However, this applies to partners of the gluons and light quarks, which are abundantly produced at the LHC but play a marginal role in the naturalness argument. Direct limits on the top superpartners [5, 6] , and the partners of the W and Z (charginos and neutralinos) [7, 8] , on the other hand, are still well below the TeV scale due to the smaller production rates, and the more challenging final states from the experimental point of view. The naturalness argument, therefore, is far from being in crisis! The main conclusion to be drawn is that indeed we are entering an era in which these ideas can start to be tested with the LHC.
From the theoretical side there are several models beyond supersymmetry which also address the naturalness issue or postpone it to higher scales. Some are based on the effective Lagrangian approach, others introduce extended global symmetries (Little Higgs models) [9] , extra dimensional space symmetries (GaugeHiggs Unification) [10] [11] [12] or assume that the breaking of the electroweak symmetry is due to a strongly interacting dynamics (Composite Higgs models) [12] . Modern incarnations of Technicolour, which have a light Higgs-like scalar in the spectrum [13, 14] , should also be included in the list. In all the above cases, a common prediction is the presence of partners of the top quark, which have the same spin and only differ in the embedding into representations of the weak isospin, SU (2) L . They typically arise as Kaluza-Klein recursions of the quarks in models of extra dimensions [15] , states needed to complete a full representation of the extended symmetries or additional massive composite states of the strong dynamics [15] [16] [17] . Also, the possibility for new heavy quarks featuring s-channel resonances remains of prime interest at the LHC. Contrary to sequential fourth family quarks which are heavily constrained from the Higgs boson searches due to their non-decoupling properties [18] , indirect bounds on non-chiral quarks are much weaker: they nevertheless affect the properties of the Higgs [19, 20] , for instance affecting the production of a pair of Higgses [21] , or offering new Higgs production mechanisms [22] [23] [24] . The phenomenology of new heavy quarks has been widely studied in literature, see for example [25] [26] [27] [28] [29] [30] and the forthcoming direct searches at the LHC will therefore play a fundamental role in testing the large number of models predicting the existence of these states.
The importance of top partners, or generically new quarks, is also supported by the massive ongoing experimental effort for their discovery: many searches are being done by both CMS and ATLAS. The present limits on their masses have reached scales around 700 GeV, reaching the mass range of interest for the naturalness argument. The first searches performed on the 2011 dataset at 7 TeV of centre-of-mass energy, as it is often the case, had to rely on simplifying assumptions: typically, the hypothesis of 100% decays into a single channel. Such assumption is unrealistic, in the sense that models tend to predict rates into various channels, however this simplification allowed for manageable interpretation of the data and exploration of the reach of the experiments. Recently, more complete searches have been performed, a review of which can be found in [30] . For instance, ATLAS published a search for a top partner with charge 2/3, t , assuming decays into three channels, W + b, Zt and Ht, and scanning over various combinations of the branching ratios [31] . Although searches for new heavy quarks decaying via Q → W q where q = u, d, c, s, b for up-and down-like Q quarks have been performed [32, 33] , only decays into the third generation quarks have been considered in the reinterpretations so far.
At present most of the experimental searches assume that the new heavy quarks are QCD pair produced, while combining searches for quarks which are either produced singly or pairwise (also via EW interactions) will become a more effective option in the near future. Indeed, present limits from the LHC start to enter the region in which single production becomes relevant and this will be more and more the case if the bounds are raised. Experimental searches, such as e.g. [34] , now focus on the electroweak single production of new heavy quarks, through channels that are sensitive to the size of the coupling to the standard quarks. However, most of the current studies are based on the assumption that the new quarks only couple to the first generation of quarks, and final states involving tops and/or bottoms have not been explored. We have therefore at present an incomplete picture, which will be for sure studied in more detail in the near future using more general analyses and a larger amount of data. While many decay channels and final states have been already considered by the experimental teams, little attempt has been done to combine the information extracted from the data in a systematic way: the main reason for this is the lack of a complete and model-independent framework to describe the interactions of such new particles. In Ref. [35] a general Lagrangian for the interactions of new Vector-Like (VL) quarks with the first generation of quarks has been proposed, and completed in Ref. [36] to include the interactions with a Higgs, and used to study single production at the LHC. However, couplings with the other quark families are missing: in particular, decays to the tops and/or bottoms would change the search strategies and therefore significantly affect the limits. In Ref. [37] , a "hunter guide" for top partners has been proposed: the effective models proposed there are heavily relying on the assumption that they belong to a model of composite Higgs. For instance, only couplings to third generation quarks, which are assumed to be more composite that light ones, are included, and the effects of off-diagonal Z couplings are not considered, based on symmetry reasons designed to remove large corrections to flavour observables and the Z couplings. Nevertheless, within this class of models, a truly "model independent" approach is used, based on the fact that the events generated by the decays of each new quark can be grouped in classes characterised by a universal and model independent experimental efficiency. Every model can be therefore obtained by combining the efficiencies by the effective cross section of each class of events.
In this paper, we propose to combine the two approaches: identify a minimal Lagrangian which describes all the allowed couplings of VL quarks, and use it to define model-independent search strategies allowing to fully constrain the masses of top partners in any given model. The main guiding principle is the fact that the decays and single production of the new states are generated via mixing with the standard quarks, induced by Yukawa interactions with the Higgs, thus generalising the ideas discussed in our previous works [38, 39] . This is not an assumption, as any model including VL quarks can be written down as an effective model with this kind of mixing mechanism in place. The minimal set of parameters we identify, consists of a set mainly describing the branching ratios into the massive bosons, W ± , Z and the Higgs H, and into the three Standard Model quark generations, plus a parameter describing the strength of the mixing. The first step would be to study the efficiency of the present searches on final states which have not been considered in the simplified assumptions adopted by the collaborations in the first run of the LHC, however without any model-bias on the parameterisation. We also propose to use this framework to find corners of the parameter space which are poorly covered by present searches, and define new dedicated searches. Finally, the connection between the branching ratios in different channels and the single production cross sections can be exploited to extend the searches to include both single and pair production channels, and extract a reliable bound on the mixing parameters with the standard quarks. This study would allow then to apply the direct search bounds to any model of New Physics which predicts the presence of VL quarks.
In this work we are interested in VL quarks which can mix and decay directly into Standard Model quarks. Another possibility is to assume that the new quarks are charged under some parity, so that they can only decay into an ordinary quark via a new boson which can eventually play the role of Dark Matter [40, 41] : this happens in extra dimensional models with a K-parity [42, 43] or in Little Higgs models with T-parity [44, 45] . The Dark Matter candidate can be either a spin one (like in 5D models, or in Little Higgs ones) or a spin zero particle (like in 6D models [46] ) state. This scenario will be considered in a future publication
1 . Like any model-independent parameterisation of New Physics, we do rely on minimal and basic assumptions, which are also compatible with the principles behind the searches themselves:
-we study the lightest states of each kind, assuming small mixings with eventual heavier particles, following the interpretation of the searches which is based on the presence of a single new state. This assumption can be mitigated in some cases, for instance if the mixing between close-by states is effectively small, or when the masses are close enough that the signal events fall in the same search bin.
-the new states are embedded in complete representations of SU (2) L , and the structure of the mixing is dictated by the Higgs field.
-the couplings to standard quarks are chiral. This is a direct consequence of the two points above.
One may also include further biases coming from the limited number of choices for the SU (2) L representations (each representation fixes the rates into W , Z and H), and assumptions coming from the strong bounds from flavour observables (which constrain the rates into different generations). We will use the latter model-dependent biases to define some benchmark points, but not to limit the validity of the proposed parameterisation. The paper is organised as follows: as a simple preliminary exercise, we discuss in Section 2 the case of a partner of the top quark, i.e. a colour triplet with charge +2/3. We then generalise the parameterisation, in Section 3, to include all the VL quarks that are allowed to decay into standard quarks, thus covering all the quantum numbers present in multiplets that can couple to standard quarks via the Higgs. The effective Lagrangian is written in terms of the few relevant parameters which have a clear link to observed quantities. In Section 4 we use this parameterisation to study production and decays of these states, and expand single and pair production cross sections in terms of model-independent coefficients. In Section 5, we perform a numerical analysis using a Monte Carlo implementation of the model, and discuss a few outcomes reflecting the expected potential for discovery or exclusion at the LHC. Our conclusions are presented in Section 6.
Warm up: the case of a top partner T (t )
For concreteness, we first focus on the case of a top partner T , i.e. a VL quark with the same electric charge (and colour) as the top quark. The most general couplings of a single T with the electroweak gauge bosons can be parameterised as
while the couplings with gluon and photon are standard and dictated by gauge invariance 2 . This is a generalisation of the Lagrangian in [35] by the inclusion of couplings with the Higgs [36] , and to all the generations of quarks at the same time. In this formula, M is the mass of the VL quark, V 4i L/R represent the mixing matrices between the new quarks and the three Standard Model generations labelled by i, while the parameters κ V (V = W , Z, H) encode the coupling to the three bosons. The normalisation is chosen so that for κ W = κ Z = κ H = 1, the VL top decays 25% to Z and H and 50% to W in the asymptotic limit where the mass M goes to infinity, in agreement with what is expected from the Goldstone equivalence theorem. The values of the κ V 's are determined by the SU (2) L representation T belongs to, and eventually by mixing to other VL representations.
In the most general set-up, T may have sizeable couplings to both left-and right-handed Standard Model quarks q. However, in the case of one single light VL quark, which is the simple case studied experimentally, it is easy to show that only one of the two mixing angles is large, the other being suppressed by a factor of m q /M [38] . Following this observation, we can simplify the parameterisation by neglecting the suppressed mixing angles, so that the Lagrangian we showed above will only contain one of the two chiral couplings: this approximation may not be precise for the top quark, while it is numerically well justified for all other quarks. A discussion of the terms suppressed by the top mass m t , which are generally model-dependent, can be found in Appendix A.
From the Lagrangian in Eq.(2.1), the partial widths in the various channels are given by
We expressed the partial width in a fashion that underlines the universal coupling factor, so that the difference between various channels only depends on the masses: for the light quarks, the mass dependence is very mild, therefore we can assume that the numbers are the same for all generations. This is not true in general for the top quark, for which the effect of its mass may be important: as we neglected it in the mixing angles, we will consistently neglect it here and comment on its effect at the end of the section and in Appendix A. Neglecting all quark masses, therefore, the branching ratios can be written as:
where Γ 0 V are the kinematic functions for zero quark mass m q = 0:
These branching ratios can be defined in terms of four independent parameters which contain all the available information:
so that
For experimental purposes, the decays into first or second generation cannot be distinguished: one can therefore express all the results in terms of the decay rates into light generations via ζ jet = ζ 1 + ζ 2 = 1 − ζ 3 :
17)
When studying pair production of T , which is dominated by model-independent QCD processes only sensitive to the mass of the VL quark, the phenomenology of the T can be therefore completely described in terms of 4 independent parameters: the mass M , ξ W , ξ Z and ζ jet . As it will be clear later, single production processes may be sensitive to the separate values of ζ 1 and ζ 2 , so the number of relevant parameters can be increased by one unit. We can finally re-express the Lagrangian in Eq.(2.1) in terms of the relevant 5 parameters as follows:
The new parameter κ T is an overall coupling strength measure: it is not relevant for the branching ratios, nor for pair production (which is to a very good approximation due to QCD processes), however it will determine the strength of single production. It can be written in terms of the parameters in the starting Lagrangian as
It is important to notice that the V 4i L/R matrix elements are, in general, complex quantities as phases may be present in the mixing with light quarks. Since the parameters ζ i are proportional to the square of mixing matrix entries, the information about phases is lost in the parameterisation in Eq. (2.19). Such phases are crucial when considering, for instance, flavour bounds on couplings, however they will play a minor role in the LHC phenomenology which is the main focus of this parameterisation. Phases are potentially relevant only in single production processes where interference terms give a sizeable contribution, which is not the case in the production modes we will consider in this work, as it will be clear in the following sections.
So far, we have completely and consistently neglected the contribution of the top mass both in the kinematic functions and in the suppressed couplings. However, for VL quark masses below a TeV, the effects may be numerically relevant. In Appendix A, we present a detailed discussion of the effects in all the relevant decay channels: one key point here is that the effect of the suppressed coupling, which is often dominant, introduces model dependence, therefore we would be forced to introduce new parameters in our Lagrangian. On the other hand, we checked that in simple models such effects are always small, being below 10 ÷ 20% for M = 600 GeV (which is the level of present exclusion from direct searches at the LHC), therefore we will neglect their effect for now. The only exception is the channel T → Ht: in this case, however, the sub-leading term is independent on the representation T belongs to. The latter coupling originates from the mass mixing between the VL quark and the SM top. Allowing for this mixing automatically generates such a coupling: a proof of this statement can be found in Appendix A. It also turn out that the effect of the phase space is sub-dominant, and the main contribution comes from the new coupling. For this reason, we suggest to complement the Lagrangian in Eq. (2.19) with an additional term: 21) where the new term has opposite chiralities compared to the one in Eq. (2.19), and is suppressed by a factor m t /M . No extra free parameter needs to be introduced. The addition of this term modifies the relation between the parameters ζ i and ξ V with the branching ratios of the T :
while for all other channels
The correction δ H is a simple function of the mass of the VL quark, and it is given by 3 Complete and model independent parameterisation
In order to couple to the SM quarks, the new top partners must have the same colour as the standard ones (thus belonging to the fundamental representation of SU (3) c ) and have four possible charge assignments:
where i = 1, 2, 3 labels the 3 standard generations. In order to simplify the analysis, we will limit ourselves to some reasonable and general assumptions on the couplings of the new quarks, mainly based on the search strategy followed by the LHC experiments. In fact, the bounds on new states are always based on the assumption that only one new state contributes to the signal region. This assumption can be easily satisfied in the case where, for each kind of new quark, there is a single mass eigenstate that is significantly lighter that the others. This statement can be specified in two distinct situations: either the mass of the second state is such that the production cross section can be safely neglected and thus it brings only a minor impact on the bound, or the mass splitting is such that the mixing between the two states is negligible. In the latter case, one can consider the contribution of the two (or more) states independently, and simply add the number of events generated by each resonance in the search bin. This simple assumption can lead to significant simplification in the parameterisation, as discussed in the following section.
Theoretical assumptions
Following the search strategies, the main assumption we base our analysis on is that the signals given by the new states can be studied as independent, either due to a large mass splitting or negligible mixing effects. The large mixing case can also be included under certain circumstances that will become clear at the end of this section. The main assumptions leading to the effective Lagrangian we propose are summarised as follows:
-the new quarks belong to complete SU (2) L representations: this assumption is justified by the necessity to have a model which is compatible with the gauge structure of the Standard Model. As a consequence, the mass splitting between different components of the multiplet, and also the mixing with the standard quarks as well as to heavier new quarks, are linked to the electroweak symmetry breaking sector.
-we assume a Standard Model Higgs field: therefore the mixing can only be generated by Yukawa-type interactions involving a doublet of SU (2) L . This fact limits the size of the mass splitting which is related to the Higgs VEV, and the choice of representation [39] . Only 2 singlets, 3 doublets and 2 triplets are allowed, with varied hypercharge assignments.
-the coupling to the standard quarks can involve either left-or right-handed quarks: once the representation the new states belong to is chosen, singlets and triplets can mix with the standard left-handed doublets, while the new doublets can only mix with the standard right-handed singlets.
-the chirality of the Yukawa couplings implies that the couplings to W , Z and H are also (predominantly) chiral. This is due to the fact that for singlets and triplets the mixing angles in the right-handed sector are suppressed with respect to the left-handed ones by the mass of the standard quarks over the new state mass [39] , while for doublets it's the left-handed mixings which are suppressed.
-only decays to Standard Model quarks are allowed via standard gauge bosons. This assumption is justified by the small splitting between the masses of the components of the SU (2) L multiplet.
Complete SU (2) L representations, with the exception of singlets, will contain more than one VL quark with different charge: they decay into different final states, therefore the assumption of an isolated new quark is still viable. If the final states are experimentally indistinguishable, one can always sum the two contributions to the same signal region. Furthermore, decays of a VL quark into another, like for instance X → W + T , are generically not allowed kinematically because the mass splitting between two states in the same multiplet, which is generated by the Higgs VEV, is typically much smaller than the W mass.
The effective Lagrangian
The discussion in the previous section for the T top partner, can be generalised to the other 3 kinds of VL quarks we are interested in this work. Therefore, the most complete effective model apt to describe their phenomenology would contain the following 4 sets of interactions:
for leading left-handed mixing, while it suffices to exchange the chiralities L ↔ R for leading right-handed coupling. Note that ξ T V and ξ B V are in general different, also in models where the two VL quarks belong to the same representation. In principle, the rates in the 3 generations may also be different, however this is not the case in the simplest cases. As mentioned before, in typical models only one of the two mixings is large, and the other suppressed. This effective Lagrangian has been implemented in FeynRules [47] for our analysis, and is described in more detail in Appendix B. The Lagrangian in Eq.(3.2) allows to express the decay rates in a simple and intuitive form: 
so that they depend on a single parameter each, ζ jet . As we already discussed, in the formulas above we neglected the top mass, except for the channel T → Ht where large model-independent corrections are expected. In the other potentially affected channel, i.e. T → W b, Zt, B → W t and X → W t, this approximation is numerically sensible for the range of masses LHC will be probing, and more details on the model-dependent top mass corrections can be found in Appendix A. The above formulas for the BR will mainly be used to determine the parameters we propose, ζ i and ξ V , starting from the physical branching ratios in a specific model containing VL quarks. The mass of the VL quark will determine its production rates, especially for pair production which is dominated by QCD processes. The coupling strength factors κ Q will drive the electroweak pair and single production cross sections, which are therefore sensitive to the overall strength of the coupling, similarly to the single top production processes in the Standard Model.
Benchmark scenarios from flavour bounds
As these parameters will play a crucial role in the phenomenology, it is important to have a handle on the reasonable value they may have. The mixing between the VL quarks and the standard ones is generated by Yukawa-type interactions, therefore such mixing will also modify the diagonalisation of the standard Yukawa matrices and potentially generate tree level flavour-changing couplings to the Z boson. The reason for this is the vector-like nature of the new quarks: either the left-handed or the right-handed chirality (or both) of the new states will differ from the Standard Model quark ones. Therefore the presence of Z-mediated FCNC's is inevitable, unless tuned cancellations occur. Such cancellations may take place naturally in models where flavour [50] and/or custodial symmetries [51] are built-in: however, such models necessarily contain more than one VL quark, and their phenomenology may be more complex that the one presented here. In such cases, dedicated model-dependent searches may be necessary at the LHC.
In all extensions of the Standard Model, the only consistent way to add VL quarks, independently on their number, is to introduce new complete SU (2) L representations. In the gauge basis, therefore, gauge interactions are diagonal and completely determined by the quantum numbers of the representations. After the diagonalisation of the mass, mixing matrices will induce off-diagonal couplings in the form of Eq.(2.1) -this is a simple generalisation of the origin of the flavour-changing W couplings in the Standard Model. Thus, the physics of the new states can be completely encoded in mixing matrices V L and V R describing the mixing between standard and new quarks. The simplest scenario contains a single VL representation [38] , 
and in this section we will use this as a toy model to study the flavour properties of a more general scenario. The 7 possibilities (2 singlets, 3 doublets and 2 triplets) can be recast in terms of our parameterisation. The branching ratios into the 3 generations can be expressed in terms of the mixing matrices as in (2.13), reported here for clarity:
while the branching into bosons (2.14) is determined by the representation. The results are given in Tab. 1, where each representation is identified by (n, Y ), where n is the dimension of the SU(2) n-plet (2 for a doublet, and so on) and Y is the hypercharge. The simplicity of this parameterisation is based on the fact that only one set of Yukawa couplings generates all the new mixings. For the doublet with standard hypercharge (Y = 1/6) the situation is more complex, because there are two possible Yukawa couplings: one involving the up-singlets (λ u ) and one with the down-singlets (λ d ). Therefore, in general, such simple re-parameterisation is not possible. We can use our parameterisation only in 3 simple limits: when one of the two new Yukawas is set to zero or small, or when they are equal. The parameterisations in the 3 cases are listed in Tab. 2. The same mechanism that generates the off diagonal couplings responsible for the decays of the VL quarks will also generate flavour changing couplings for the W , Z and Higgs. The most dangerous ones are the ones involving the Z, because they are absent in the Standard Model at tree level, thus very strong bounds on such couplings derive from flavour observables. The couplings of the Higgs involve both right and left-handed mixing matrices and, as mentioned above, one of the two will be suppressed by the mass of the light quarks, thus in general the flavour changing Higgs couplings are sufficiently suppressed. In the gauge basis, the Z couplings for up and down quarks (considering in general n VL partners ψ i ) can be written as [39] :
The first term, proportional to the identity matrix, is the coupling of the standard quark (up or down type, T sm 3 = ±1/2 or 0). From the equation it is clear that the non-standard couplings are due to the weak isospin Table 2 : Branching ratios into gauge bosons for a doublet with standard hypercharge, in three limits: when one of the two Yukawa couplings is zero, or when they are equal.
of the VL quarks, which must be different from the standard ones at least for one chirality. Once going to the mass eigenstate basis via the unitary matrices V L/R , the first terms stay untouched, while the second term, sensitive to the difference in isospin, will generate off-diagonal couplings:
The second term here is responsible for the generation of both the decays of the VL quarks and the offdiagonal Z couplings between the standard quarks, and both couplings are proportional to the same matrix elements: V ki L/R where k spans over the VL quarks. In the case of a single VL representation, one can easily be convinced that the couplings with the largest mixing matrices (the other being suppressed by the mass of the standard quarks) has 2(T
For instance, for singlets (T ψ 3 = 0), the large mixing takes place in the left-handed sector, where the standard quarks have isospin ±1/2. Using the re-parameterisation in terms of branching ratios, the couplings of the Z to the standard quarks can be rewritten as (ignoring phases):
The off-diagonal terms can therefore pose a bound on the product of two κ √ ζ i terms. As the Z is much heavier that any mesons, it is useful to parameterise the bounds in terms of effective 4-fermion operators after integrating out the Z:
where q and q are up or down type quarks of the same chirality. To estimate the bounds from flavour, we can compare the expressions for our operators with the bounds in Ref. [52] , which involve ∆F = 2 operators in the left-handed sector (similar bounds apply to the right-handed operators):
Here, the bounds on the coefficient |c| assume a scale of 1 TeV, furthermore we only considered the bounds on the real parts as bounds on the imaginary parts of the coefficient are much stronger and would mainly affect the phases of the mixing matrices (that we ignored in our parameterisation). From such expressions we can learn two things: the flavour bounds only apply to the product of the coupling to two generations, therefore the bounds can be evaded by coupling the VL quarks mainly to one generation. Furthermore, in the down-sector, there are strong bounds on all three combinations, therefore we can conclude that in the presence of a VL down partner (B and Y ), the coupling with a single generation is preferred. For the up-sector, there are no bounds involving the third generation, therefore one can evade bounds by allowing sizeable couplings with the top and one of the two light generations: this case applies for representations that do not contain a B partners (i.e., only T and X). The coupling strength κ does not receive constraining bounds in this case: strong bounds are obtained if sizeable mixing with two generations are attained. In the case of maximal mixing (i.e. ζ i = ζ j = 1/2), the bounds range κ < 0.02 ÷ 0.06. The mixing with the VL quarks also affects the diagonal couplings of the Z to the standard quarks: in this case, the correction is of the order
The couplings of the Z to light quarks have been precisely measured at LEP [53] and other low energy experiments, and they are proportional to the branching ratio to the given generation. This implies that these bounds allow to extract an absolute bound on the coupling strength κ. This story is true for all quarks, except for the top whose couplings to the Z are not known. In this case, therefore, the only bound comes from loop corrections (mainly the T parameter) and corrections to the W coupling to the bottom, that mediates its decays. To extract bounds on the parameters, we take a very conservative approach: we assume that only one coupling is affected and compare the correction δg Zqiqi to the error on the measurement, assuming therefore that the central value of the measurement agrees with the Standard Model prediction. A more detailed analysis would require a new complete fit of the electroweak precision measurements, which is beyond the scope of this paper and sensitive to the details of the model. The bounds on κ from modifications of the Z couplings are listed below:
The best bounds on the first generation couplings are coming from the measurement of the weak charge of the Cesium atom (Atomic Parity Violation) [54] , while the others are determined from the LEP measurements of the hadronic cross sections and asymmetries. The bound in formula 3.22 is obtained from the electroweak precision tests as in [38] . The flavour diagonal bounds on κ are about one order of magnitude milder than the flavour violating ones.
From this simple analysis, we can derive a set of benchmark models than can be used to reduce the number of parameters in the first studies:
-in the presence of a bottom partner (B and Y ), only the coupling to one family is allowed to be large:
we therefore have 3 benchmark models with ζ 1 = 1 (κ 0.07), ζ 2 = 1 (κ 0.2) and ζ 3 = 1;
-in the absence of a bottom partner (thus only T and X), one can allow for couplings to two generations: ζ 2 = 0 (κ 0.1) and ζ 1 = 0 (κ 0.3).
A scenario with significant couplings to all generations is also allowed, however with an extra order of magnitude suppression on κ: in this case, single production will yield very small cross sections, and its relevance postponed to higher mass values. Note also that the bounds on the couplings have been extracted in a specific scenario (a single light VL representation), while the bounds may be weakened in more involved models, therefore they should only be considered as guiding points without limiting the validity of the parameterisation to more general scenarios. 
Production processes
The production cross sections of VL quarks can be grouped in five classes: -pair production: this class is largely dominated by QCD production, which is model independent as it only depends on the mass of the new fermion;
-single production in association with tops;
-single production in association with jets (where jet denotes any light quark);
-single production in association with a boson: including W ± , Z and the Higgs H;
-mono production through gluon chromomagnetic coupling via a loop-induced operator: such operator will also contribute to the production with jets (and tops).
Our proposal allows to write the production cross sections explicitly in terms of model-independent cross sections multiplied by the parameters that also enter the branching ratios, an approach similar to the one followed in [37] . In this way, one can study all models at once by computing the efficiencies of each search in various channels, and also, given a model, correlate observations in various channels. In the following we will discuss the 5 production mechanisms separately.
Pair production
Pair production is dominated by QCD production via gluons:
The cross section is model independent as it only depends on the mass of the VL quark, and it decreases quickly for higher masses due to PDF suppression, as shown in Tab. 3. There are also contributions from electroweak gauge bosons, which are sub-leading in terms of cross section. Production via neutral currents (Z and γ) have the same final states as QCD production, thus they are completely negligible. Production via a W boson, on the other hand, can give rise to potentially interesting channels like:
Such cross sections are however model-dependent, as they depend on the representation the VL quarks belong to. For definiteness, one can parameterise the coupling such that:
where T + ij depends on the representation of SU (2) L the two VL quarks belong to. For a N -plet:
where k = 1, ..., N − 1 [56] . Therefore, the W -mediated pair production can be parameterised as Tab. 3. The electroweak cross sections are very small and also strongly suppressed for large masses, therefore their impact on the search strategies can be safely neglected.
Another potentially relevant production process is represented by the production of a pair of VL quarks QQ , mediated by a W , Z or Higgs in the t-channel. This process is completely absent in QCD and, depending on subsequent decays, it can give rise to final states with peculiar kinematics or same-sign dileptons. It must be stressed however that this channel is proportional to κ 4 Q , because it requires both couplings of the gauge boson to be from Eq. (3.2), therefore rates are expected to be fairly small in realistic scenarios due to flavour bounds. Nevertheless, we will discuss these processes because of their peculiar final states, and because they can give rise to large cross sections in models where large mixings with the first generation are allowed, like models with more than one VL multiplet where the corrections to the Z couplings can be partially cancelled. This kind of process can give rise to the following final states:
T T , BB , XB , T B , T Y . (4.7)
The same-sign final states, T T and BB, can be mediated by a t-channel exchange of the two neutral bosons, and are present in all models because they involve a single VL quark. Their cross sections can be expanded as in terms where we factor out powers of the parameters of our Lagrangian, the ζ i and ξ V , times coefficients that only depend on the mass of the VL quarks being produced:
Such cross sections are symmetric in the initial states (u i u i for T T , and d i d j for BB), so thatσ 12 =σ 21 . The remaining 3 processes are only present if both VL quarks are present in the theory, and if both couple to SM quarks: XB and T Y are both mediated by a W exchange and are initiated by a u i u j and d i d j initial state respectively, while T B is mediated by all 3 bosons and initiated by u i d j . These cross sections can also be expanded in terms of model-independent coefficients: in this expansion for QQ , the first flavour index i refers to the coupling of the first VL quark Q, the second j to Q , so the coefficients are not symmetric in M = 600 GeV 86500 80600 16900 15700 70700 73300 67800 166900 32800 M = 800 GeV 66900 64100 10400 10100 50400 51000 49400 131300 20500 M = 1000 GeV 45900 44900 5700 5700 31300 31600 31100 89400 11300 
Some terms are missing in the sum because of the absence of the top in the proton, and this structure will be preserved once QCD corrections in α s are included, so that the validity of this expansion goes beyond leading order. Furthermore, we systematically neglected potential interference between different bosons in the t-channel: we numerically checked that the impact of such interference terms amounts to a few percent at most, so that they can be neglected at this point to simplify the expansions. The largest contribution to the cross sections are due to the mixing with first generation, because it corresponds to processes initiated by two valence quarks: we found that this is indeed true numerically, so that the contribution of the other two generations (and of anti-quarks) can be ignored for the phenomenology. For illustration of the relevance of these processes, in Tab. 4, we listed the coefficients for the first generation for a fixed masses M = 600, 800 and 1000 GeV and at a centre of mass energy of 8 TeV. More complete tables can be found in the Appendix B, including the effect of mixing with second and third generation. We can anticipate that the cross sections will decrease with the mass of the VL quarks slower than QCD pair production, because of the valence-quark initiated processes, thus making them an attractive channel at the LHC. Furthermore, the overall size of the cross sections scales like the coupling factor κ 4 Q , thus it it very sensitive to the size of the mixing. For the benchmark model with mixing with the first generation only, this means that the coefficients in Tab. 4 must be weighted by a factor of κ 
Single production with tops and with jets
These final states can be obtained, at leading order (LO), by the exchange in t or s-channel of a W and/or a Z boson(s), due to the presence of the couplings ξ W and/or ξ Z in the Lagrangian in Eq.(3.2). Contributions of the Higgs will always be suppressed by the small masses of the light quarks. We can therefore expand the total production cross sections by factoring out factors of ζ i and ξ V (and an overall factor κ 2 Q ), with coefficients that are model independent as they only depend on the mass of the VL quark via the kinematics. Here we will neglect contributions that are suppressed by extra factors of κ Q , thus we cut the expansion to the leading κ state can therefore be expanded as:
In these formulae we neglect the interference between W and Z exchange: in fact, we have verified numerically that they are small, the main reason being that interference is present only for a limited number of diagrams and between an s-and t-channel exchange. Quantitatively, the interference terms are always below a percent level, therefore the approximation is very accurate and allows for a great simplification of the formulae. This expansion is also valid once QCD corrections are included, and the effect can be completely included in the model-independentσ coefficients. The missing terms in the expansion, in fact, are not generated at any order in α s . The inclusion of electroweak corrections is another story: in fact, even at leading order in κ 2 Q , terms that depend on the representation of the VL quark will be generated and furthermore the expansion in ζ i and ξ V will be affected. Such corrections are expected to be small, certainly much smaller that the QCD ones. These consideration apply to all the single production mechanisms here discussed. In the present work, we will limit ourselves to compute LO cross sections, even though NLO corrections in α s may be relevant. One may be tempted to re-scale the NLO corrections from single top channels [57] to higher masses of the top quark, however this procedure is not justified here due to the presence of diagrams absent in the top case (for instance, processes mediated by the Z boson). A naive re-scaling of the NLO single top calculation would suggest that the corrections should amount to 15 ÷ 20%, however a complete NLO calculation is mandatory for the extraction of reliable numbers, and we leave it for further investigation. We used the FeynRules implementation [48] to compute the coefficients in the expansion: as an example, in Tab. 5, we list the results for a reference mass of M = 600 GeV and at a 8 TeV LHC. In the calculation, we use a 5F scheme (including the b quark in the PDFs) and use the CTEQ6L1 PDF set [58] . Tables of LO coefficients for different masses can be found at the end of Appendix B.
A similar expansion can be obtained for production in association with light jets (including the b): jets are much larger than with a top, and particularly large numbers are obtained for couplings to the first generation of quarks due to the valence quark enhancement. However, the bounds on κ Q crucially depend on which generation the VL quark couples to, so this observation is not enough to quantify how large the single production can actually be. We will come back to this point at the end of this section.
Single production with bosons (W , Z and H)
Here it is important to notice the presence of channels which are specific to VL quarks: production in association with Z or H require the presence of FCNC, absent in fourth chiral generation extensions. Such processes, at LO, are initiated by a gluon-quark fusion. The relevant cross sections can be written as:
The above expressions are general, and extendable to NLO in α s . For X 5/3 and Y −4/3 the production in association with Z or H are not present due to the absence of neutral currents. The relevant coefficients in the expansion can be found in Tab. 7 at LO.
Single production in flavour-motivated benchmark models
In Section 3.3, we used the simplified model with a single VL representation and bounds from flavour and electroweak precision physics to define a few benchmark points that allow to maximise the couplings in this minimal scenario. Such benchmark models can be used to have a realistic estimate of the single production cross sections. In the presence of a bottom partner B or Y , flavour constraints tend to prefer a sizeable coupling with a single generation while generic couplings to the three generations would require significantly stronger bounds on the overall couplings. For models without a bottom partner, on the other hand, sizeable couplings to two generations, one of which is the third, are allowed. Table 8 : Inclusive single production cross sections (in fb) for a single VL multiplet in various benchmark points at 8 TeV and for M = 600 GeV. Within brackets, the relative contribution of the processes of production in association with light quarks.
In Tab. 8 we listed the inclusive single VL quark production cross sections, computed starting from the values in Tabs 5, 6 and 7. While the precise numbers are just indicative, they can be used to deduce some general properties of the VL quarks. In fact, from the second column, one can see that the case of sizeable couplings to all generation gives rise to smallish cross sections, amounting to a few fb at most, due to the strong suppression from flavour bounds. In such a case, therefore, the searches should focus on pair production. On the other hand, if exclusive coupling to a single generation assumed, the cross sections grow to a few hundreds fb. Interestingly, the values of the cross sections are close independently of which generation they couple to: in most cases, the suppression due to PDF effects is compensated by a weaker flavour bound on the couplings. There are exceptions in some cases for couplings to the third generation, mainly driven by the absence of couplings to the W boson: in fact, couplings of the Z to third generation leads to small cross sections as a top is always present in the final state. Models with sizeable couplings to the third generation and only one of the two light ones are only allowed for models without B and Y partners, i.e. the singlet (1, 2/3) and doublet (2, 7/6), and in the case of a standard doublet (2, 1/6) when the mixing in the down sector is set to zero (λ d = 0). In all cases, large cross sections are obtained.
We emphasise the relevance of the contribution of the channels of production in association with light quarks to the total cross section: when allowed, it always contributes to around 90% of the cross section. In Tab.9 we show in more detail the contributions of all channels for a choice of some specific scenarios.
Finally, in Tab. 10 we show how the cross sections scale with the mass of the VL quark: we choose a representative case for illustration purposes. We can see here that the cross sections decrease with the mass slower than the pair production ones in Tab. 3, so that their relevance will be increased when higher mass κ = 0.02 Table 9 : Contribution of different channels to the total cross sections (in fb) for a T singlet at 8 TeV for M = 600 GeV.
600 GeV 800 GeV 1000 GeV
834 324 138 Table 10 : Inclusive single production cross sections (in fb) for a T singlet mixing with all generations or mixing mostly with second and third generation and at 8 TeV, for 3 values of the VL mass.
regions are explored at the LHC.
Mono production through gluon chromomagnetic coupling
We evaluate in this section the relevance of new chromomagnetic couplings between VL and Standard Model quarks, as the strong gluon-quark fusion production process qg → Q(g) might not be negligible compared to the electroweak production channels for large gluon luminosities. In this framework, W , Z and Higgs boson loops can induce photon and gluon couplings proportional to the very same mixing angles that appear in Eq. (3.2). Although the loop contributions are highly model-dependent, the Qqg(g) coupling can be parameterised by 22) where κ gQ contains the details of the loop (and is proportional to the κ Q parameters). In simple models containing only a single VL representation, the contribution of these loops to the branching ratios for new T (B) quarks decaying into gq are in the range 10 −4 − 10 −6 for masses between 600 and 1000 GeV [38] . A similar operator with the gluon fields replaced by the photon one (and proportional to the electric charge e instead of g s ) is also generated, and can contribute to decays Q → q i γ, however they are numerically smaller than the gluon one.
More in general, one can consider the chromomagnetic and electromagnetic operators as dimension-6 operators involving the new quarks. Such operators have been listed in [59, 60] for T and B partners coupling mainly to tops: in this framework, the new couplings can be parameterised in terms of the following operator suppressed by a scale 1/Λ
where G µν denotes the field strength tensor of the gluon, v is the Higgs field vacuum expectation value and g s the QCD coupling [61] . The parameter κ g specifies the strength of the corresponding Qqg(g) strong interaction for a given VL quark Q, induced at energy scales larger than Λ. A similar operator can be written for the coupling to a single photon. In the following, the couplings f L/R i ∼ √ ζ i will be assumed to be of order one with the choice Λ = 10 TeV. We point out, however, that this choice is arbitrary, given that the couplings in Eq. (4.23) must remain in the validity region of the perturbative expansion. For convenience, we limit this analysis to the simplest scenario where Q interacts with the lighter families only through the above chromomagnetic interactions.
An operator in the form of Eq. (4.23) has already been considered in the context of single production of VL quarks in Ref. [60] , however with a suppression scale of 1 TeV. Here we want to keep a more conservative attitude, as such an operator is typically generated at loop level in minimal extensions of the SM, therefore we expect its coefficient to be suppressed. For instance, in the case of loops of the VL quark itself, its contribution to single production would be negligible. The effect is also sub-leading when we consider a suppression scale around 10 TeV, as shown in Appendix B.
Nevertheless, we included such operator in the FeynRules implementation of the model, with parameters that can be tuned independently on the others in Eq. (3.2) , so that the user can calculate its effect. In general, such operator, which can be written for T and B only, will contribute to single production gq i → Q i , single production with a jet q i g → Qg and gg,→ Qq i , and production in association with a top via a coupling to the third generation gg,→ Tt. As shown in Tab.18, for f 1 L = 1, the VL quarks are produced at a rate larger than anti-quarks due to the valence-sea quarks PDF difference, while the rate is driven by the heavy quark mass in the final state for f 2,3 L = 1. If a large coefficient for this operator is generated in models of New Physics, its effect should be added to the contribution of the other single production channels.
Analysis of numerical results
The analysis performed so far allows us to highlight some main conclusions that can be useful to drive searches of VL quark production in a model-independent fashion. The main messages we would like to convey are the following:
• Relevance of single production: new top partners can have sizeable production rates regardless of their mixing structure with first, second or third generation quarks without conflicting with current experimental constraints. This is due to a compensation between suppression coming from PDFs and from flavour observables, as shown in Table 8 . Processes like, for instance, production with a light jet followed by decays into third generation should therefore be considered.
• Exclusive mixing hypotheses: assuming exclusive (100%) branching ratios may forbid some single production channels. In the case of exclusive mixing with third generation, the channels Xj, XW, T Z, T H and BW are systematically forbidden. Therefore, considering a scenario with T mixing only with third generation, the Higgs and Z bosons may only appear in the T decay products. Analogous conclusion can be derived for the presence of a W boson in scenarios with B or X partners, coupling only to third generation. Furthermore, Bt and Bj (T j) production are not allowed in the latter case if ξ W = 1 (ξ Z = 1), whereas pp → T H, T Z, BW, XW can only arise in scenarios where the VLQ mixes with either the first or second generation. The complete list of forbidden channels under different assumptions on mixings is in Tab.11:
• Associated production with top quarks: VL quark single production in association with a top (antitop) quark provides a very interesting final state for the forthcoming searches. As shown in Tab.9, pp → Qt is worth exploring even in scenarios where the VL quark does not mix exclusively with the third family, due to the PDF enhancement in production.
• Distributions: for ζ 1,2 = 1, the transverse momentum p T and rapidity η distributions for inclusive T and B production, distinguishing amplitudes from W and Z exchanges, are hardly distinguishable at the level of production, as can be seen in Fig.1 , where distributions related to T have been considered for illustrative purpose. We can therefore infer that the production does not distinguish between
Tt, T W, T H Bt, Bt, BW, BH T j, T W, T Z, T H Bt, Bt, BW, BH ξ H = 1 all channels but T H are forbidden all channels but BH are forbidden all channels are forbidden all channels but BH are forbidden Table 11 : Forbidden channels for single production under hypothesis of exclusive (100%) mixing patterns.
couplings to first and second generation (while the value of the cross sections does depend on this), so that at the level of generation one can consider either one of them. Furthermore, no kinematical cuts should be able to distinguish the two. We will confirm these observations with a detailed simulation that includes the kinematics of the decays.
• Electro-weak QQ ( ) production: this channel is suppressed by the mixing to the light quarks, nevertheless it leads to sizeable cross sections and interesting final states for unsuppressed κ Q scenarios. We have checked numerically that in the flavour-motivated benchmarks defined in the previous sections, the cross sections for EW QQ ( ) production are below the femtobarn in almost all cases, making them negligible. However, they should be included in studies of single production focused to non-minimal models where κ Q is not suppressed and if large mixing to first generation is allowed.
Conclusions and outlook
In this work we have developed a model-independent parameterisation that can be used to describe the phenomenology of vector-like quarks with generic hypotheses about their mixing with SM quarks. The framework relies on a limited number of parameters which represent all possible mixings with SM quarks and couplings with SM bosons. The parameterisation is implemented in a publicly available FeynRules model [48] , and has been adopted to perform an analysis of processes of production of vector-like quarks: single production, mono production through chromomagnetic coupling, off-diagonal pair production (QQ ) and same-sign EW pair production (QQ ( ) ). The main result of the present analysis is to provide a theoretically consistent and general framework, where the various searches for VL or fourth generation quarks can be embedded in. In particular, our framework allows for a simple correlation of the branching ratios with the single production channels. We also provided a LO calculation of all the relevant single production cross sections, via model independent coefficients.
To provide a concrete application of the parameterisation, we have applied this technique to obtain the production cross sections for some benchmark points which satisfy experimental constraints from flavour physics and other observables. Our analysis, even if limited to production level, allows to highlight the potential relevance of scenarios which have been neglected in previous experimental searches, such as mixing only with second generation or presence of tops in the final state in scenarios where the vector-like quark does not mix with third generation at all. These points deserve special attention as they may be the key to obtain hints of these vector-like states in realistic flavour mixing scenarios which go beyond the naïve expectations based on simplified single generation mixing. For instance, we showed that:
• single production followed by decays to third generation should be considered, as the production rates are similar to the ones obtained through couplings to the first generation;
• single production with tops is relevant also in the case of decays into light generations;
• depending on the hypothesis on the branching ratios, some single production channels are forbidden, at leading order in the electroweak couplings.
From the parton level simulations we performed in this work it is not possible to determine if the final states in single production are sensitive to the generation the VL quark mainly couples to, even though our distributions tend to show a mild dependence on the couplings. A more thoroughly analysis will be performed also to design a way to disentangle pair production, which is QCD dominated and thus only depends on the VL mass, and single production, which is directly proportional to the mixing of the VL quark to standard ones. A measure of the coupling is indeed essential to determine the nature of the VL quarks and, maybe, have a glimpse on the origin of the standard generations.
A Top mass corrections to the widths
In this paper we consistently neglected the masses of the standard quarks to simplify the formulae for the branching ratios. This is an excellent approximation, except for the top. In this Appendix, we want to discuss the numerical impact of the corrections due to the large top mass which are however model dependent. In fact, the top mass can enter the decay widths in two ways:
-modify the kinematics of the decay, thus affecting the decay widths of any final state containing a top;
-via the sub-leading coupling, which is suppressed by a factor m t /M with respect to the leading chirality one, however this contribution is model dependent as it crucially depends on the representation of the VL quarks.
To be concrete, we will use the simple cases of a single representation in order to evaluate the impact of the corrections. The main assumption here, which is quite general, is that the sub-leading coupling is proportional to the same flavour mixing angle as the leading one, so that the ζ i dependence is not affected. The only channels that are affected are T → Ht, Zt, W + b, B → W − t and X → W + t. The effect can be included by means of 5 model dependent functions of the m t /M ratio, so that the branching ratios of T , B and X are modified as follows:
where
To be concrete and have a numerical estimate of the effects, we will calculate them explicitly in the cases of a single VL representation, discussed in Section 3.3. We will now discuss the 5 corrections one by one.
Higgs: T → Ht
For the couplings of the top to the Higgs, the sub-leading vertex is always present because it originates from the mass mixing itself: we can parameterise as the leading one times a factor c H m T /M . For a single VL representation, we find that c H = 1 for all representations, so that the corrections is effectively modelindependent. The correction, therefore, is given by:
, and we have expanded the result at leading order in 1/M 2 . For M = 600 GeV (and c H = 1), the correction amounts to δ H = 39%, thus leading to a significant enhancement of the partial width. The effect also scales approximately with 1/M 2 , thus becoming less relevant for larger masses: for instance, for M = 1 TeV, we obtain δ H = 15%.
This effect being sizeable below 1 TeV and model independent, we decided to include it in the effective Lagrangian in Eq. (3.2), without introducing a new parameter.
Z: T → Zt
For the coupling of the Z to the top, the sub-leading coupling is present only in two cases: for (2, 7/6) proportional to the leading one times −2 √ t , and for (3, −1/3) with factor 2 √ t . In all other cases, the coupling is absent, and the only effect comes from the top mass in the phase space. The correction can be written, in all cases, as:
where Z = m 2 Z /M 2 and c Z parameterises the sub-leading coupling: it is c Z = −2 for (2, 7/6), c Z = 2 for (3, −1/3) and c Z = 0 in all other cases. In this case we obtain much smaller corrections than in the Higgs case: for c Z = 0, we obtain δ Z = −23% for M = 600 GeV, scaling down to δ Z = −9% at a TeV. In the other two cases, even smaller corrections are obtained, as for c Z = 2 (c Z = −2) we obtain δ Z = 1.5% (7%). This correction is highly model-dependent, but also numerically small, so we decided to neglect it for the time being.
In this decay, the only contribution comes from the sub-leading coupling, which is present only for the doublets. The correction would therefore read 
in both cases. Numerically, we obtain results similar to the other case.
B:
This is the only channel in the B decays that is sensitive to the top mass, both in the couplings and phase space. We can again parametrise the sub-leading coupling to be proportional to the leading one with a factor c W . The correction can be written as:
The value of c W depends crucially on the representation B belongs to:
where the values are calculated for M = 600 GeV (1 TeV). A special case is offered by the (3, 2/3) case: in fact, for this representation, the leading coupling of the W vanishes, ξ B W = 0, however the sub-leading coupling is non-vanishing. A straightforward calculation leads to
In all cases, the corrections are fairly small.
Once again this decay mode is sensitive to the top mass both via the phase space and via the sub-leading couplings, which is present in both cases and proportional to the leading one times c W √ t . The correction can be written as:
where c W = 1 for the doublet (2, 7/6) and c W = 1/ √ 2 for the triplet (3, 2/3). Numerically, for the doublet we find δ X = −18% (−6%) and for the triplet δ X = −21% (−8%) for M = 600 GeV (1 TeV).
B FeynRules implementation
In this Appendix we summarise the implementation of the model-independent parameterisation of (3.2) in FeynRules [48] . As detailed in Section 3.1, we restrict the present analysis to the case of the four generic states X 5/3 , T 2/3 , B −1/3 and Y −4/3 which can decay directly into a pair of standard model particles. The common procedure for introducing such new states is to define new class members within a given SU (2) L representation, with appropriate Indices definitions for each particle class. In the present study, we start from the Standard Model implementation and add them as the new coloured spin 1/2 objects: Here each ClassName defines a specific VL quark class with a given electric charge. Such definitions are made without any assumptions on the other quantum numbers. Any change in the above PDG codes should not interfere with the existing assignments. The masses are set to 600 GeV by default, while the total widths should be systematically evaluated within MadGraph and given as inputs in the corresponding parameter cards. For an appropriate evaluation of the 2 → 2 processes cross-sections, all light quarks included in the proton definition are restricted to be massless (5F scheme).
In addition to the VL quark masses (and widths, unless they are computed automatically), the remaining parameters are divided into the three External classes KAPPA, XI and ZETA, combined internally in FeynRules to match the effective couplings defined in Eq. Having defined the new quark fields, the interactions given in Eq. (3.2) are directly added to the Standard Model Lagrangian, together with the corresponding kinetic and mass terms for all VL quark species. The electromagnetic and strong currents are implemented as well. Model extensions for the effective Qqg(g) chromomagnetic strong interaction (4.23) and the off-diagonal charged-current transitions (4.4) can be loaded together with the generic FeynRules model. All the model files are in UFO format and support the unitary gauge (Set FeynmanGauge = False). We comment that, depending on the representation they belong to, the new VL quarks can induce sizeable corrections to the Standard Model quark mixings, which should in principle be included. However, for the LHC phenomenology, they are irrelevant so that we restrict the implementation to the model independent couplings involving a single VL quark, without limiting the utility of such implementation.
As a first step of the validation procedure, all the tree-level decay rates have been checked to be in agreement with the analytical formulae (2.2)-(2.4) for various benchmark points. Furthermore, the particles decay widths and branching ratios have been calculated with BRIDGE [62] , and succesfully compared to the analytical formulae. As a second step, a comparison of the leading order coefficientsσ Qt andσ QV has been performed between MadGraph5 [63] and an independent model implementation of Eq. (3.2) in CalcHEP 3.4 [64] , for similar parameter choices. Although deviations up to 10% can be obtained for particular cases ofσ
Qq between MadGraph5 and CalcHEP, the Qq channels rates obtained from the UFO output have been verified to be consistent with [35] . Considering the case of exclusive couplings to the first generation, ζ 1 = 1, cross-sections agree at the percent level when comparing σ(pp → Qq) versus σ(pp →Qq) for all four VL quark types and the two benchmark points given in the reference. Finally, we have checked that the MadGraph cross-sections for pair and electroweak single production of top partners at the LHC at √ s = 7, 8 and 14 TeV match the leading order predictions for the top quark in the Standard Model, when adjusting the mass and width values. Overall consistency at the % level is obtained.
In Tabs. 12-17 we provide the expansion coefficients for the single production cross sections of all the VLQ species discussed in this paper. The cross sections have been computed at different LHC energies for particles with mass M = 600, 800, and 1000 GeV. In Tab. 18 we report the contribution to the single T and B production of the chromo-magnetic operator. Finally, in Tabs. 19-20 we list the coefficients for EW pair production of QQ ( ) pairs.
TeV
[GeV] Table 18 : Cross sections (in fb) obtained from the FeynRules implementation of Eq. (4.23) for q/q g → Q/Q mono production of T and B heavy partners for M = 600 GeV with the choice κ g = 1 and Λ = 10 TeV. Different parameter values require to re-scale the numbers by a factor 10 4 ×κ ζ 1 ζ 1
